Biochemistry of reactive species: an overview {#Sec1}
=============================================

Reactive species are unstable, highly reactive structures. They may be free radicals which possess an unpaired electron in their outer orbit and are capable of independent existence. Their half-lives vary from a few nanoseconds for the most reactive compounds to seconds and hours for rather stable radicals. They trigger chain reactions resulting in the oxidation of macromolecules in order to reach a steady state. They are divided into four main categories based on their central atom, specifically reactive oxygen species (ROS), reactive nitrogen species (RNS), reactive sulfur species, and reactive chloride species, derived from oxygen, nitrogen, sulfur, and chloride, respectively (Halliwell and Gutteridge [@CR39]). ROS is the main category of reactive species produced from molecular oxygen (Ο~2~) with partial chemical reductions. One of the most abundant reactive species is superoxide anion (Ο~2~^⋅−^), which is generated by Ο~2~ following reduction by one electron. When Ο~2~ is reduced by two and three electrons, hydrogen peroxide (H~2~O~2~) and hydroxyl radical (OH^⋅^) are produced, respectively. Finally, H~2~O is produced after the full reduction of Ο~2~ by four electrons (Simic [@CR108]). The most harmful reactive species is OH^⋅^, which is generated by Fenton and Haber--Weiss reactions in the presence of a transition metal, usually iron (Fe) or copper (Cu). Hydrogen peroxide has a relatively long half-life and can be transfered through membrane transport far from the place of its generation. Hydrogen peroxide is not a free radical, but it may have detrimental effects on DNA, proteins, and lipids when its concentration reaches 10 μM (Halliwell and Gutteridge [@CR39]). Nitric oxide radical (NO^⋅^) is the most common RNS. It is derived by the amino acid [l]{.smallcaps}-arginine and is highly reactive. It reacts with Ο~2~^⋅−^, generating peroxynitrite anion (ONOO^−^), which is converted to peroxynitrous acid and finally to harmful OH^⋅^ and nitrite anion (NO~2~^⋅^; Halliwell [@CR32]).

Reactive oxygen and nitrogen species are physiologically produced during metabolic processes and especially during electron transport chain reactions (Di Meo and Venditti [@CR20]). An initial study has reported that 2--5% of O~2~ used during oxidative phosphorylation in skeletal muscle mitochondria is reduced to O~2~^⋅−^ at rest (Sjodin et al. [@CR109]). More recent studies have demonstrated that, at rest, reactive species leakage in heart mitochondria ranges from 0.4% to 0.8% (Hansford et al. [@CR42]) or at an even lower percentage (0.15%) in skeletal muscle (St-Pierre et al. [@CR117]). Another internal source of reactive species is peroxisomes, small membrane-enclosed organelles containing enzymes important for oxidation reactions. Furthermore, the enzymes of the Ρ~450~ complex generate reactive species during the detoxification of xenobiotics, such as drugs. There are also external sources of reactive species related to UV radiation, air pollution, smoking, alcohol consumption, and exercise (Halliwell and Gutteridge [@CR39]).

Reactive species are often considered to be harmful entities because of their connection to oxidative damage in biomolecules. Nevertheless, this is not always the case. The biology of reactive species follows the phenomenon of hormesis. Accordingly, when reactive species are present in low concentrations, they are necessary for fundamental procedures in the subcellular environment. If their concentrations exceed a limit, however, they may have detrimental effects on DNA, proteins, and lipids. It appears that human cells generally function in a reduced state, but an amount of reactive species is essential for several biochemical processes. Signal transduction requires the presence of Ο~2~^⋅−^ and H~2~O~2~ (Ji [@CR53]), whereas NO^⋅^ is a neurotransmitter and is biologically important for vasoconstriction (Halliwell and Gutteridge [@CR39]). Reactive species are also vital for muscle contraction (Linnane et al. [@CR65]), enzyme activation (Jenkins [@CR50]), and gene expression (Ji et al. [@CR54]), while several gene transcription factors require transient oxidation for their function (Sen [@CR102]). Furthermore, reactive species contribute to the normal function of the immune system via the activation of phagocytes, a common procedure in conditions in which inflammation occurs, such as muscle-damaging (eccentric) exercise (Malm [@CR69]). Additionally, folding of nascent proteins in the endoplasmic reticulum is aided by a more oxidized environment to permit disulfide bridge formation (Suh et al. [@CR120]). Apoptosis is also accompanied by a degree of intracellular increased oxidation, although too much oxidation stops apoptosis by oxidizing and inactivating caspases (Hampton and Orrenius [@CR41]).

As previously mentioned, the concentration of reactive species is a key factor in their effect. If the concentration is excessively high, they may become very harmful for macromolecules. Proteins are one of the major targets of reactive species which induce the formation of carbonyl groups (aldehydes and ketones) in those amino acids that are susceptible to oxidation, such as histidine, arginine, lysine, and proline. The carbonyl groups are not metabolized in proteasomes and lysosomes, but are accumulated (Levine [@CR64]). Furthermore, the thiol groups (−SH) present in protein molecules are oxidized in thiol radicals (RS^⋅^). Protein oxidation leads to conformational changes which result in the modification or loss of protein function (Halliwell and Gutteridge [@CR39]). Apart from proteins, lipids are vulnerable in reactive species-induced oxidative damage (Halliwell and Chirico [@CR37]). Polyunsaturated fatty acids (PUFA) are abundant in cellular membranes and are susceptible to oxidation, leading to lipid peroxidation chain reactions (Alessio [@CR3]). Specifically, PUFA oxidation induces the generation of a radical, which reacts with O~2~ and produces peroxyl radicals (LOO^⋅^). These radicals further oxidize PUFA and lipid peroxides (LOOH) are produced, which create conjugated dienes as by-products, such as 4-hydroxy-2-nonenal and malonyl dialdehyde (Young and McEneny [@CR129]; Mylonas and Kouretas [@CR81]). Lipid peroxidation increases the permeability of cellular membranes, resulting in cell death. Reactive species also affect DNA by causing chain breaks and damaging its repair mechanism (Jenkins [@CR50]). DNA, and especially guanine, oxidation results in the production of 8-hydroxy-2′-deoxyguanosine. This by-product, if not repaired, induces DNA mutations that may cause aging and carcinogenesis (Radak et al. [@CR94]). In addition, excessive production of reactive species has been implicated in immune system dysfunction (Schneider and Tiidus [@CR99]), muscle damage (Nikolaidis et al. [@CR85], [@CR86]), and fatigue (Betters et al. [@CR9]).

Endogenous and dietary antioxidants {#Sec2}
===================================

As explained previously, oxygen, the base element for the favorable aspects of aerobic life, is poisonous in some ways and is linked to the potentially dangerous oxidative damage of macromolecules. Aerobic organisms must therefore adopt ways to survive these harmful effects. This defensive mechanism is the antioxidant system (Halliwell and Gutteridge [@CR39]). There is no simple definition of an antioxidant. Halliwell and Gutteridge ([@CR38]) attempted to define an antioxidant as "any substance that when present at low concentrations compared with those of an oxidizable substrate (every organic molecule found in vivo) significantly delays or prevents oxidation of that substrate." However, this definition seems inadequate in certain cases. Plasma albumin is considered an important antioxidant molecule because it binds copper and protects extracellular targets such as low-density lipoproteins (LDLs) against oxidative damage. However, albumin is in considerable molar excess compared with LDLs (Halliwell [@CR30]). Therefore, an antioxidant might be defined more simply as "any substance that delays, prevents or removes oxidative damage to a target molecule" (Halliwell and Gutteridge [@CR39]).

Antioxidants can be divided into categories according to specific characteristics. They include enzymes such as superoxide dismutase (SOD), catalase, glutathione reductase, and glutathione peroxidase (GPX) and non-enzymatic metabolites such as glutathione, uric acid, vitamins, and polyphenols. Regarding their origin, various antioxidants such as glutathione, uric acid, catalase and SOD can be synthesized in vivo, whereas others, namely, polyphenols and β-carotene, are obtained from food. Based on their physical properties, antioxidants can be divided into water-soluble antioxidants such as uric acid, glutathione, and polyphenols or lipid-soluble antioxidants such as vitamins A and E and lipoic acid.

The SOD enzyme catalyzes the dismutation of Ο~2~^⋅−^ to Η~2~Ο~2~. It exists in mitochondrial form (MnSOD) and in cytoplasmic form (Cu/ZnSOD) that is primarily found in muscle cells (Das et al. [@CR18]). Catalase is present in almost every kind of cell, but its concentration is higher in the erythrocytes and liver (Masters et al. [@CR73]). Its subcellular localization is in peroxisomes, in mitochondria, and in the nucleus. It catalyzes the conversion of Η~2~Ο~2~, which is produced by SOD to Η~2~Ο and Ο~2~. The antioxidant activity of catalase is of great significance as it prevents the conversion of Η~2~Ο~2~ to the very harmful ΟΗ^⋅^. Furthermore, it has been demonstrated that catalase and SOD activities exhibit a linear correlation with life span in mammals (Cutler [@CR17]). GPX, which requires selenium as a cofactor, is present in the cytoplasm and mitochondria and is an alternative route of Η~2~Ο~2~ degradation. Specifically, Η~2~Ο~2~ is converted to Η~2~Ο and Ο~2~ and oxidizes GSH (reduced form of glutathione) to GSSG (oxidized form of glutathione).

Glutathione is considered one of the most important antioxidant metabolites and is the first line of defense against reactive species. At rest, glutathione is usually present in the reduced state. GSH is a tripeptide consisting of glutamic acid, cysteine, and glycine. It is the most abundant low-molecular-weight thiol-containing compound in biological fluids and tissues of mammals. In eukaryotic cells, 90% of the intracellular GSH pool resides in the cytoplasm, and the remaining 10% is found in the mitochondria, endoplasmic reticulum, and the nucleus. However, the biosynthesis of GSH appears to occur exclusively in the cytoplasm. Intracellular GSH concentration is estimated to range from 0.5 to 10 mM (Barycki [@CR6]). GSH possesses potent antioxidant properties, maintaining the intracellular redox homeostasis due to the thiol group of cysteine which serves as a substrate of GPX (Halliwell and Gutteridge [@CR39]). Glutathione is important for the regeneration of antioxidant vitamins E and C (May et al. [@CR74]) and contributes to xenobiotic detoxification (Halliwell and Gutteridge [@CR39]). In physiological conditions, GSH is in a dynamic equilibrium with GSSG. However, in the context of oxidative stress, GSH works with GPX to efficiently remove intracellular H~2~O~2~. This process protects biomolecules from oxidative modifications, and GSH is converted to GSSG. Glutathione reductase reduces GSSG to GSH using NADPH as an electron donor, thus replenishing the GSH pool. The ratio of GSH/GSSG is often used as a biomarker of oxidative stress. It has been suggested that the GSH/GSSG ratio in the endoplasmic reticulum, in which the more oxidized environment aids protein folding, is as low as 1:1, in contrast to the mitochondria and the cytosol where the GSH/GSSG ratio is \>10 (Barycki [@CR6]). This is not always precise, however. As mentioned earlier, glutathione participates in several different biochemical processes, namely, in the regulation of protein and DNA synthesis and as an essential cofactor of many enzymes (Halliwell and Gutteridge [@CR39]; Afzal et al. [@CR1]). This fact can affect the ratio of GSH/GSSG and cause its conversion from the reduced to the oxidized form. Therefore, the use of the GSH/GSSG ratio as a biomarker to monitor oxidative stress lacks accuracy and probably needs to be reconsidered.

Polyphenolic compounds constitute a crucial category of antioxidant metabolites. They are plant secondary metabolites which have at least one aromatic ring in their molecule and usually exist in the form of glycosides. They protect plants against harmful environmental conditions and the attack of microorganisms and contribute to the development of several characteristics such as color (Manach et al. [@CR70]). More than 8,000 different polyphenolic compounds have been described. They are subdivided into non-flavonoids (e.g., hydrobenzoic acids, hydroxycinnamic acids, and stilbenes) and flavonoids (e.g., flavonols, flavanals, isoflavones, and anthocyanins). Flavonoids are composed of more than 4,000 different species that have two aromatic benzene rings linked through three carbons forming an oxygenated heterocycle. Plant polyphenols possess antioxidant properties as they inactivate free radicals by offering a hydrogen atom and an electron. They are converted into relatively harmless free radicals, which may react with other free radicals and inactivate them. Furthermore, they act as metal chelators, mainly Fe and Cu, thus not allowing them to initiate Fenton and Haber--Weiss reactions (Nijveldt et al. [@CR82]). In addition, they inhibit the activity of enzymes related to reactive species production, such as xanthine oxidase, cyclooxygenase, and lipoxygenase (Rice-Evans et al. [@CR96]; Cotelle [@CR16]). There are numerous studies examining the beneficial effects of polyphenolic compounds on health. It has been demonstrated that consumption of polyphenols results in the prevention of cardiovascular diseases (Hertog et al. [@CR46]) and cancer (Cotelle [@CR16]). Hooper et al. ([@CR47]) have also denoted that plants which are stressed by environmental conditions can produce bioactive compounds (including polyphenolic compounds) which offer beneficial health effects, such as stress resistance, and survival benefits to the animals that consume them. This biological principle referred to as "xenohormesis" is of high importance and explains how the environmentally stressed plant compounds can activate the animal's cellular stress response, which in turn results in improving animal fitness and longevity.

Oxidative stress, dietary oxidative stress, and reductive stress {#Sec3}
================================================================

Oxidative agents and antioxidant mechanisms are in a potential balance. The disturbance of the equilibrium between oxidative mechanisms and antioxidants in favor of the former has been referred to as oxidative stress (Sies [@CR106]). Sixteen years after the first definition of oxidative stress, Sies and Jones ([@CR107]) redefined it in a more precise way: "an imbalance between oxidants and antioxidants in favor of the oxidants leading to a disruption of redox signaling and control and/or molecular damage." Following this line of reasoning, oxidative stress is inextricably linked with the disruption of normal signaling pathways, damage of macromolecules, and the disruption of homeostasis. The aforementioned definitions imply that oxidative stress is a result of pathophysiological circumstances or is even a cause of such processes. However, it should be noted that oxygen is not evenly distributed in tissues and cells, and therefore there are sites that are under physiological oxidative stress (Sies and Jones [@CR107]). What is the threshold between pathological and physiological oxidative stress? This is a difficult question to answer. There are many studies in the redox biology field describing experiments in which two or more different treatments are compared. A treatment is usually considered to induce oxidative stress when the concentration of the products derived from the oxidation of macromolecules is elevated compared with another treatment or with baseline values. Nevertheless, it is difficult to adopt a threshold value of the concentrations of such products in order to monitor oxidative stress. The concentration of oxidation products and antioxidant molecules could serve as a useful parameter in this regard, however (Sies and Jones [@CR107]). In 1995, Levander et al. ([@CR63]) introduced a new term, the "dietary oxidative stress." It denotes the disturbance of cell redox status caused exclusively by diet via the excess uptake of oxidative load or the impaired availability of antioxidants. The use of the term "dietary oxidative stress" confirms the excessive role that has been given to nutrition from scientists, but apparently follows the rules of redox biology.

Every reference in the condition called oxidative stress is absolutely linked to a balance between the pool of oxidant and antioxidant mechanisms. There are two sides in this balance which have not been equally studied. On one side, oxidative stress occurs when the disturbance of the balance favors the oxidants, and reductive stress is generated after the enhancement of the antioxidant pool. A search of the Medline database in May 2011 turned up 84,020 papers using the keyword term "oxidative stress," but only 69 using the term "reductive stress." This is proof that the literature has emphasized research on oxidative stress, whereas reductive stress has been rather neglected. However, this huge discrepancy does not reflect the high importance of the reducing side of the equation. Albert Wendel was the first to use the term "reductive stress" in 1987 (Wendel [@CR127]). The term has never been precisely defined, but scientists usually refer to it in relation to the oxidative side of the equation. This is probably because oxidative stress has been extensively studied, whereas reductive stress has been mainly theoretically examined. Common sense tells us that reductive stress is related to conditions in which cells or organelles are in a reductive state. This could be an outcome of respiratory inhibition, a situation that results in decreased reactive species generation. Although it has not been thoroughly examined, reductive stress contributes in signal transduction regulation and gene expression (Kehrer [@CR56]). The indices that have mostly been used for the assessment of reductive stress are the amounts of nicotinamide adenine dinucleotide (NAD^+^), NADH (the reduced form of nicotinamide adenine dinucleotide), nicotinamide adenine dinucleotide phosphate (NADP^+^), and NADPH (the reduced form of nicotinamide adenine dinucleotide phosphate), as well as the increase in the lactate/pyruvate ratio (Kehrer [@CR56]). Finally, it appears that there is high biological affinity between oxidative stress and reductive stress, and they both play an important role in the redox biology field.

The oxidative potential of plant antioxidants {#Sec4}
=============================================

The regulation of the cellular redox status is an outcome of several different factors. Thus, the increase in the production of reactive species does not necessarily lead to oxidative stress. Similarly, the increased activity of antioxidant enzymes or the enhanced uptake of antioxidant molecules as dietary components or as nutritional supplements is not synonymous with an improved defense against the harmful effects of reactive species. The oxidative agents and the antioxidant mechanisms are in a potential balance, which is disturbed in favor of the former when oxidative stress occurs (Sies [@CR106]). Moreover, although it sounds contradictory, it is an undoubted fact that antioxidants under specific conditions can have a prooxidant action.

Over the last two decades, there has been increasing scientific evidence of the beneficial health implications of the Mediterranean diet. Polyphenolic compounds and especially flavonoids are present in its main constituents such as grapes, legumes, other kinds of vegetables, fruits, oil, and wine. Polyphenolic compounds are largely known for their antioxidant properties, but they may also act to favor oxidative stress. This is mainly observed when antioxidant molecules are administered individually and not as a part of the diet. Thus, "a protective effect of diet is not equivalent to a protective effect of antioxidants in diet" (Halliwell [@CR31]). There are studies demonstrating such discrepancies. A diet rich in vegetables and fruits appears to decrease the risk of cancer and to increase the concentration of β-carotene in the blood. On the other hand, administration of β-carotene does not decrease the likelihood of cancer, but has rather the opposite effect in smokers (Rowe [@CR97]). Fruits and vegetables decrease the free radical-induced DNA damage in humans, a risk factor for cancer development. In contrast, ascorbate, vitamin E, or β-carotene administration did not have the same effects in studies reviewed by Halliwell ([@CR31]). The phenolic radical, which is formed after scavenging reactive species, may oxidize GSH, generating a thiyl radical (RS^⋅^) which, reacting with GSH, produces the disulfide radical (GSSG^⋅^). The latter reduces O~2~, thus producing Ο~2~^⋅−^ (Cotelle [@CR16]). Furthermore, the phenolic radical reduces ferric anion (Fe^+++^) to ferrous anion (Fe^++^), which can generate the highly reactive OH^⋅^ by Fenton reaction (Halliwell and Gutteridge [@CR39]).

This fact might seem surprising, but it has a reasonable explanation. Reactive species are oxidizing agents and the antioxidants that scavenge them are reducing agents. An antioxidant can be a better scavenger in vitro provided that it has an increased reducing capacity and is administered at a high concentration. Thus, when a single antioxidant molecule is administered alone, its concentration in the blood is higher than when it is taken as an ingredient of vegetables or fruits. Apart from the concentration of an antioxidant, the time of administration is of high importance. Transition metals are generated from metalloproteins as an outcome of oxidative damage and are catalysts of oxidative damage. Thus, administration of potent antioxidants after oxidative damage might promote further damage, implying potent prooxidant action. A relative study by Kang et al. ([@CR55]) observed that the administration of vitamin C was protective against oxidative damage induced by the herbicide paraquat in animals. Nevertheless, when vitamin C was given after animals were exposed to paraquat, it impaired the damage by interacting with the released transition metals (Kang et al. [@CR55]). Although this paradox seems to raise skepticism against the use of antioxidants, it may offer new guidelines in antioxidant administration. Specifically, antioxidants may become more effective and less harmful when administered at the appropriate time points and at the appropriate concentrations. This fact could be helpful for athletes who need to enhance their performance or for patients suffering from reactive species-related diseases as an alternative way to improve their health.

Exercise, a commonly used oxidant stimulus {#Sec5}
==========================================

In the previous sections, the roles of reactive species in several physiological processes were analyzed and the detrimental effects of reactive species and oxidative stress on macromolecules were described. This section will focus on exercise, a very important and commonly examined stimulus of oxidative stress. Exercise is a modality usually adopted as a physiological model for examining the effects of reactive species in human or animal physiology. It demonstrates that reactive species do not always have adverse effects, but they are necessary in physiological processes that are beneficial for human health. A characteristic example of this fact is that the benefits of regular exercise on health are accompanied by repeated episodes of oxidative stress (Fisher-Wellman and Bloomer [@CR23]).

Exercise has been previously shown to affect the blood's redox status and to induce biochemical changes (Nikolaidis and Jamurtas [@CR83]) such as an increase in blood pressure (Nybo et al. [@CR88]), an increase in lactate concentration (Stringer et al. [@CR119]), a decrease in blood pH (Hermansen and Osnes [@CR45]), and a decrease in oxygen partial pressure (Stringer et al. [@CR119]). Specifically, it has been shown that when blood pressure increases, the generation of reactive species in the splachnic circulation of rats increases as well (Hall et al. [@CR29]). Furthermore, lactate seems to be a free radical scavenger and prevents lipid peroxidation by neutralizing OH^⋅^ and O~2~^⋅−^, but not lipid radicals in vitro (Groussard et al. [@CR27]). It has also been proposed that reactive species production in the rat brain mitochondrial respiratory chain is increased in a pH-dependent manner (Selivanov et al. [@CR101]).

A very important source of reactive species during exercise is the electron transport chain reactions in the mitochondria. It has been established that oxygen uptake is increased about 20-fold whereas oxygen levels in muscle fibers are increased up to 100-fold (Ji [@CR52]). Thus, the number of electrons leaking during exercise is much higher compared with those leaking at rest.

Xanthine oxidase is one of the major contributors of reactive species during exercise. Xanthine oxidoreductase is an enzyme catalyzing the oxidation of hypoxanthine to xanthine to uric acid in the pathway of purine degradation and exists in two forms. At rest, xanthine oxidoreductase exists as xanthine dehydrogenase, which uses NAD as electron acceptor and does not generate reactive species. However, during exercise, xanthine oxidoreductase is converted to xanthine oxidase, which uses molecular oxygen as the electron acceptor, thereby resulting in O~2~^⋅−^ and H~2~O~2~ production (McCord and Fridovich [@CR76]). Xanthine oxidase also generates reactive species through ischemia--reperfusion, which is usually induced by anaerobic exercise or aerobic exercise of high intensity. During ischemia, oxygen uptake in tissues is reduced and ATP is converted to AMP. Xanthine oxidase is produced by the ischemia-triggered proteolytic conversion of xanthine dehydrogenase, oxidizing AMP to hypoxanthine (Nishino et al. [@CR87]). When blood flows again in tissues (reperfusion), hypoxanthine is oxidized to xanthine to uric acid by xanthine oxidase and reactive species are produced (McBride and Kraemer [@CR75]). The role of xanthine oxidase inhibition during exercise has not yet been elucidated as the outcome is dual. It results not only in the inhibition of reactive species generation but also in the inhibition of the production of uric acid, a very potent antioxidant molecule of plasma. It has been previously demonstrated that xanthine oxidase inhibition by allopurinol leads to an increase in antioxidant defense (Gomez-Cabrera et al. [@CR26]), but it has also been shown that allopurinol induces oxidative stress and reduces exercise performance in rats (Veskoukis et al. [@CR123]).

A very common mechanism of reactive species generation during muscle-damaging exercise (e.g., eccentric) is inflammatory response. Polymorphoneutrophils participate in tissue defense via the excretion of lysozyme, Ο~2~^⋅−^, and other reactive species produced by enzymes present in cellular membranes (NADPH oxidase and lipoxygenase; Leeuwenburgh and Heinecke [@CR61]). Furthermore, hemoglobin is oxidized to methemoglobin, leading to Ο~2~^⋅−^ production (Misra and Fridovich [@CR78]), and myoglobin is oxidized, resulting in the formation of peroxyl radicals (Giulivi and Cadenas [@CR24]).

During the last three decades, there have been numerous studies indicating that exercise of sufficient intensity and duration increases the formation of reactive species and that antioxidant mechanisms cannot scavenge them, thus resulting in oxidative stress. Furthermore, it has been demonstrated that free radical generation is greater when the intensity and duration of exercise increases (Finaud et al. [@CR22]; Bloomer [@CR10]). Therefore, exhaustive exercise (aerobic swimming and treadmill running) has been associated with increased oxidative stress (Veskoukis et al. [@CR123]; Michailidis et al. [@CR77]; Nikolaidis et al. [@CR84]). There are various studies demonstrating that different kinds of exercise such as exhaustive treadmill running, ultra- and half-marathon running, downhill running, exhaustive swimming, mountain cycling, and cycling on ergometer induce oxidative stress in humans (Davies et al. [@CR19]; Lovlin et al. [@CR68]; Alessio [@CR3]; Child et al. [@CR14]; Mastaloudis et al. [@CR72]; Palmer et al. [@CR89]; Aguilo et al. [@CR2]; Goldfarb et al. [@CR25]; Tauler et al. [@CR121]; Bloomer et al. [@CR11]; Powers and Jackson [@CR90]; Powers et al. [@CR91]) and animals (Brady et al. [@CR12]; Jenkins et al. [@CR51]; Venditti and Di Meo [@CR122]; Radak et al. [@CR93], [@CR95]; You et al. [@CR128]; Gomez-Cabrera et al. [@CR26]; Veskoukis et al. [@CR123]; Saborido et al. [@CR98]). Apart from the commonly used markers of oxidative stress, albumin has also been proposed to be an index of tissue oxidative damage. More specifically, it has been found that strenuous exercise increases the oxidized form of albumin (albumin dimmers) in human serum (Imai et al. [@CR49]) and rat skeletal muscle (Veskoukis et al. [@CR124]) and that the oxidative modification of albumin is intensity-dependent (Lamprecht et al. [@CR58], [@CR59]). These findings indicate that albumin could possibly serve as a new oxidative stress marker.

The field of exercise biology, apart from human studies, is rich in experiments using animal models. The reasons are obvious, but the extrapolation of the results from animals to humans is not easy. Most of the studies use rats or mice which have similarities in their physiology with human subjects. Such experiments are necessary as they help in investigating the mechanisms of in vivo oxidative stress induction and antioxidant action. However, the translation of these results from animals to humans is a rather complicated task. It is noteworthy that rodents (rats and mice) used for laboratory experiments seem to be more sensitive to the effects of dietary antioxidants than humans. Therefore, it is more likely to enhance antioxidant defense or to reduce oxidative damage after dietary antioxidant administration (Halliwell and Gutteridge [@CR39]; Lehr et al. [@CR62]; Loke et al. [@CR66]). Furthermore, rodent models of human diseases in which reactive species are important for their pathology, namely, atherosclerosis, stroke, and amyotrophic lateral sclerosis, appear to be more responsive to plant antioxidant administration than humans. Thus, although the results of relative experiments in rodent models are promising, it is possible that there is no comparable outcome in humans (Halliwell [@CR33], [@CR36]). One of the main aims of the philosophy of science is the scientific term "predict" and whether it is realistic that animal models can be used to predict human outcomes (Shanks et al. [@CR103]). The prediction is usually related to the recontextualization of knowledge from animal physiology to human physiology. As has been previously defined, recontextualization is a process that extracts meaning from the original context, here animal redox biology (decontextualization), and introduces it into another context, here human redox biology (Bernstein [@CR8]; Nikolaidis and Jamurtas [@CR83]). This process requires a change of meaning (slight or not, depending on the field), leading to some degree of simplification.

Differential effects of plant antioxidants on redox status: in vitro and in vivo comparison {#Sec6}
===========================================================================================

In the field of sports medicine, there are numerous studies investigating the effects of antioxidants on blood and the redox status of human subjects or animals when they are administered before aerobic exercise. According to its definition, the term "antioxidant" is usually related to its beneficial effects and preventive role against exercise-induced oxidative stress. The literature is rich in studies examining the in vivo effects of antioxidants when they are administered either individually (vitamins, lipoic acid, *N*-acetylcysteine) or as part of extracts derived from various plants such as grapes, legumes, and green tea. Additionally, there is an increasing number of studies investigating the effects of antioxidants on in vitro models. An in vivo system could be characterized as biologically interesting but experimentally inaccessible, whereas the corresponding in vitro system could be defined as an experimentally accessible but biologically less interesting system (Strand [@CR118]).

Generally, in the vast majority of the in vitro studies, extracts derived from different plants possess antioxidant properties monitored by their capacity to scavenge free radicals. Specifically, it has been shown that grape extracts (Fauconneau et al. [@CR21]; Bagchi et al. [@CR4]; Murthy [@CR80]; Stagos et al. [@CR115], [@CR116]) and extracts or polyphenolic compounds derived from legumes (Beninger and Hosfield [@CR7]; Manna et al. [@CR71]; Heimler et al. [@CR43]; Spanou et al. [@CR112], [@CR113]; Halliwell [@CR34]) are strong in vitro antioxidant agents and free radical scavengers, but it has also been shown that several grape extracts inhibit catalase and xanthine oxidase activity in vitro, implying a prooxidant action (Spanou et al. [@CR114]). Nevertheless, the case for in vivo experiments in rodents and humans during exercise is rather different. Numerous studies examined the effects of plant extract supplementation on oxidative stress in blood and other tissues, yet the findings are controversial. Interestingly, some studies have demonstrated the antioxidant effects of plant extracts (Voces et al. [@CR125], [@CR126]; Kim et al. [@CR57]), whereas some others have demonstrated the prooxidant effects of different plant extracts (Morihara et al. [@CR79]; Skarpanska-Stejnborn et al. [@CR110], [@CR111]; Halliwell [@CR34], [@CR36]).

Several studies have reported a consistency between the in vitro and in vivo effects of plant antioxidants after the implication of several oxidative stress stimuli, namely, diabetes (Puiggròs et al. [@CR92]; Cho et al. [@CR15]), exposure in xenobiotics (Hwang et al. [@CR48]; Lee et al. [@CR60]), or exposure in reactive oxygen species (Shi et al. [@CR104]). Nevertheless, other studies have demonstrated that the in vitro activity does not always apply in in vivo models (Cherubini et al. [@CR13]; Lotito [@CR67]). It is noticeable that studies examining such comparison in the context of exercise have not been reported. The lack of consistency in experiments comparing the in vitro and in vivo effects of plant extracts on redox status is not surprising. First of all, the assays used to evaluate the in vitro antioxidant activity implicate the scavenging of free radicals that usually are relatively stable, exist only under artificial experimental conditions, and are largely biologically irrelevant (Halliwell and Gutteridge [@CR39]; Scott [@CR100]; Bartosz [@CR5]; Gutteridge and Halliwell [@CR28]). Therefore, it is difficult to translate the in vitro evidence to in vivo outcomes (Gutteridge and Halliwell [@CR28]; Halliwell et al. [@CR40]). Furthermore, the fact that polyphenolic compounds are degraded in metabolites with smaller molecular weight is partly responsible for their different in vitro and in vivo effects on redox status (Shirai et al. [@CR105]). Besides, polyphenols are metabolized as typical xenobiotics, and such metabolism alters and possibly decreases their antioxidant capacity (Halliwell [@CR34]).

In conclusion, the effects of polyphenols on the redox status in vivo cannot be simply extrapolated from their activities in vitro. The in vitro antioxidant activity of a plant extract seems to differ from its in vivo effect. There is also a common aspect that the contribution of diet antioxidants to protection against oxidative stress or even against diseases (cancer, diabetes, cardiovascular diseases) is a multifactorial case. Specifically, diet antioxidants may be beneficial only in humans whose diet and lifestyle are of poor quality and who are deficient in vital micronutrients and vitamins against overwhelming oxidative damage or the detrimental effects of several diseases related to excessive reactive species production (Hercberg et al. [@CR44]; Halliwell [@CR35]). The process of recontextualization is also applied in the effort of scientists to predict the in vivo effects of plant antioxidants using in vitro models. The recontextualization is based on the need of redox biology to detect the real meaning of experimental evidence applied in vitro. It is a very difficult task which requires much caution in order to obtain real and not overestimated, simplified, or false results.

Concluding remarks {#Sec7}
==================

It is now established that the function of reactive species is highly related to their concentration. The detrimental effects of oxidative stress are linked to the disruption of normal signaling pathways, damage of macromolecules, and disruption of homeostasis. It should be noted that oxygen is not evenly distributed in tissues and cells; therefore, there are sites that are under physiological oxidative stress. It is a difficult task to set a threshold between pathological and physiological oxidative stress. This is in biological accordance with the fact that antioxidants under specific conditions may have a prooxidant action. A commonly used experimental model altering cell or tissue redox status is exercise. This is an example indicating the necessity of reactive species in physiological processes that are beneficial for human health. A characteristic example of this fact is that the benefits of regular exercise on health are accompanied by repeated episodes of oxidative stress. The field of redox biology has been rapidly developed over the last 30 years. The relative literature is rich in studies examining the effects of antioxidants using animal and human models as well as both in vitro and in vivo models. It is obvious that the studies in animal and in vitro models aim to extrapolate their findings to human and in vivo models, respectively. This attempt is usually related to the recontextualization of knowledge, which is presented schematically in Fig. [1](#Fig1){ref-type="fig"}. The recontextualization is based on the need of redox biology to detect the real meaning of experimental evidence. This process usually requires a change of meaning (slight or not, depending on the field), leading to some degree of simplification.Fig. 1Simplified figure presenting the recontextualization of knowledge between diet components and food, animals, and humans, in vitro and in vivo experiments
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